Inductively coupled plasma optical emission spectrometry (ICP-OES) merits multielements capability, high sensitivity, good reproducibility, low matrix effect and wide dynamic linear range for rare earth elements (REEs) analysis. But the spectral interference in trace REEs analysis by ICP-OES is a serious problem due to the complicated emission spectra of REEs, which demands some correction technology including interference factor method, derivative spectrum, Kalman filtering algorithm and partial least-squares (PLS) method. Matrix-matching calibration, internal standard, correction factor and sample dilution are usually employed to overcome or decrease the matrix effect. Coupled with various sample introduction techniques, the analytical performance of ICP-OES for REEs analysis would be improved. Compared with conventional pneumatic nebulization (PN), acid effect and matrix effect are decreased to some extent in flow injection ICP-OES, with higher tolerable matrix concentration and better reproducibility. By using electrothermal vaporization as sample introduction system, direct analysis of solid samples by ICP-OES is achieved and the vaporization behavior of refractory REEs with high boiling point, which can easily form involatile carbides in the graphite tube, could be improved by using chemical modifier, such as polytetrafluoroethylene and 1-phenyl-3-methyl-4-benzoyl-5-pyrazone. Laser ablation-ICP-OES is suitable for the analysis of both conductive and nonconductive solid samples, with the absolute detection limit of ng-pg level and extremely low sample consumption (0.2 % of that in conventional PN introduction). ICP-OES has been extensively employed for trace REEs analysis in high-purity materials, and environmental and biological samples.
Introduction
Atomic emission spectrometry is a methodology for elemental qualitative, semi-quantitative and quantitative analysis, which is based on the characteristic electromagnetic radiation emitted from atoms/ions under heat/-electrical excitation. Atomic emission spectrometry involves three steps: (1) The sample is vaporized, atom generation in the gas phase occurs, the atoms are excited and optical radiation under the action of the energy source is emitted. ( 2) The compound radiation emitted by the optical source is dispersed according to the wavelength order by the monochromator, forming a spectrum. (3) The wavelength and the intensity of the spectral lines are detected by the detector. The qualification depends on the wavelength of characteristic resonance emission line and quantification depends on the proportional relation between the signal intensity and analytes concentration.
Inductively coupled plasma (ICP) is a partially ionized gas, which is formed by the working gas in a highfrequency electromagnetic field when high-frequency current flows through the induction coil. The generated flame-shaped discharge (plasma torch) presents high temperature of around 10,000 K, which is an excellent radiation source/energy source with good performance in terms of vaporization, atomization, excitation and ionization in atomic emission spectrometry.
The plasma torch is in a cyclic structure, favoring the sample introduction from the center channel of plasma and maintaining a stable flame; carrier gas with low flow rate (less than 1 L/min) can easily penetrate the ICP, making the residence time for sample at the center channel of around 2-3 ms, complete evaporation and atomization of the sample; the high temperature provided by ICP is higher than that provided by any flame favoring the excitation of atoms and ions; samples are heated indirectly in the center channel, causing little influence on the properties of ICP discharge; ICP is a thin light source with low self-absorption phenomena, and it's an electrodeless discharge without electrode contamination.
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1. Low detection limitsIn general, ICP-OES provides excellent detection capability for REEs with the detection limit of ng/mL level. For the elements with single oxide dissociation energy of above 7 eV (e.g., REEs, Nb, Zr), the detection limit obtained by ICP-OES is 1-2 magnitudes lower than that obtained by flame atomic absorption spectrometry (FAAS) and atomic fluorescence spectrometry (AFS). Table 2 lists the detection limits of REEs obtained by ICP-OES for their sensitive lines.
2. Good reproducibilityWithout internal standard, the relative standard deviation (RSD) can be maintained at around 1-2 %.
3. Low matrix effectCompared with FAAS and AFS, ICP-OES exhibits low matrix effect. The linear range for REEs analysis by ICP-OES can achieve 5 magnitudes. For example, a good linear relationship can be obtainedin the concentration range of 0.01-100 mg/L for the calibrationstandard of Yb and Tm.
Wide linear range

Spectral interference
The ICP-OES spectra of REEs are complex in ICP-OES detection, and Table 3 lists the commonly used spectral lines for REEs analysis. As can be seen, the spectral interferences among REEs are obvious, and the spectral interferences in the determination of trace REEs, especially REEs impurities in rare earth matrix, have become a prominent and challenging issue. Taking the analysis of other 14 REEs (except Sc) impurities in Eu or Gd matrix as an example, 113 emission spectral interference lines in MIT Table [2] can be found for Eu in the range of analytical line ±0.1 nm, and 57 emission spectral interference lines can be found for Gd. The spectral interferences observed in ICP-OES are induced by overlapping of spectral lines, partial overlapping, molecular spectra and continuous background. There are three cases for the spectral interferences of REEs: (1) the analytical line is completely overlapped by the matrix line; (2) a strong matrix line appears on one side of the analytical line, causing partial overlapping; (3) the analytical line locates between two weak matrix lines or a weak matrix line appears on one side of the analytical line. The analytical line of the first two cases should not be chosen and it's better to select another analytical line. For the third case, the spectral interference depends on the matrix concentration to a great extent. If the concentration of matrix is high, the effect of spectral interference is very serious; while if the concentration of matrix is low, the spectral interference is not distinct and can be ignored when the content of target REEs is high, and the interference effect is serious and it is difficult to distinguish and recognize the analytical line accurately when the signal of target REEs is very weak.
Even if a spectrometer with high resolution is adopted, it is still difficult to completely overcome the spectral interferences for the analysis of a complex RE system. The severity of the spectral interferences is determined by not only the complex spectrum of REE matrix, but also the concentration of REE matrix. The higher the matrix concentration is, the spectral interference is more serious. Based on it, high dilution is expected to be a simple and feasible approach to reduce the spectral interferences with a premise that the analytical sensitivity is enough.
Although commercial spectrometry instrument can easily process the correction of background interference, it cannot automatically deduct the spectral interference caused by spectral overlap or partial overlap. How to judge the existence of the spectral interference and how to effectively correct the interference have become a challenge in REEs analysis. Fortunately, the prediction and correction of spectral interference between REEs spectral lines can be achieved based on the established database of REEs spectral lines. And some spectral correction technologies have been employed in trace REEs analysis by ICP-OES, including interference coefficient method, derivative spectrometry, Kalman filtering method, self-modeling curve resolution method (SMCRM) and partial least-squares method (PLS).
Interference coefficient method (or interference factor method) is the simplest method which has been widely used in spectral correction, possessing the ability of simultaneous correction of spectral interference and background interference. The Interference coefficient is obtained by the ratio of interference equivalent concentration (IEC) and the concentration of interference compounds. The limitation of the method is that it's unsuitable for the analysis of samples with changing matrix composition.
Derivative spectrometry was widely used in molecular absorption spectrometry and then introduced for spectral interference correction in ICP-OES analysis. Compared with interference factor method, derivative spectrometry exhibits more adaptability, which not only can correct the spectral interference but also can reduce IEC and improve the resolution. Kalman filtering is a more effective way to resolve serious spectral interference than derivative spectrophotometry. It can be used to correct the spectral interference of almost completely overlapping lines of Er 324.750/Cu324.754 (nm) and Nd 359.259/Sm359.260 (nm) in synthetic samples [3] .
SMCRM is a mathematical method based on the resolution factor. By using SMCRM, the overlapping peaks can be decomposed into the original real shape without the need of firstly assuming the parameter and distribution function of the peaks. PLS is a stoichiometry method and is especially effective for the complex multicomponent system that can interact with each other.
It should be pointed out that these spectral interference correction technologies mentioned above are based on mathematical model and can only be used to correct spectral interference in simple matrix sample, with not enough application potential in real complex sample analysis.
To effectively resolve the spectral interference problem in trace REE analysis, some appropriate and effective measures are considered: (1) selecting another analytical line when the detection sensitivity is enough is an ideal choice, reflecting the high selectivity of atomic emission spectrometry; (2) adoption of spectrometer with high resolution and dispersive power, which is essential for analysis REEs in complex matrix; (3) using properly diluted sample solution for detection under the premise that the detection sensitivity can meet the analytical requirements; (4) using a chemical separation technology to remove REE matrix; (5) resolving the spectral interference by correction techniques.
The existence of REEs matrix has obvious effects on the spectral background. As can be seen from Figure 1 , the intensity of the background is increased with the increase of matrix concentration. But the impact is not the same for different spectrum regions. The emission intensity of background is affected by many factors including operating parameters of ICP, apparatus properties such as dispersive power and stray light, and the spectral complexity and concentration of sample matrix. Under a certain operation condition of the instrument, the emission intensity of background mainly depends on the spectral complexity and concentration of the matrix. The emission intensity of background caused by REEs matrix (e.g., Ce, Nd, Tb) with abundant spectral lines is much stronger than that caused by REEs matrix (e.g., La, Eu) with simple spectral lines. In addition, the intensity of the background also depends on the concentration of the matrix. Taking high-purity terbium oxide as an example, when the concentration of Tb 4 O 7 is 10 mg/mL, the spectrum of the matrix is very complex. Even a spectrometer with high dispersion rate (36,000/mm optical grating, 0.26 nm/mm reciprocal linear dispersion power) is unable to overcome such serious spectral interference and strong background interference, which makes quantitative determination impossible. However, the detection limit of 0.31-30 μg/g for REEs impurity by ICP-OES detection is still achieved when the concentration of Tb matrix is reduced to 1 mg/mL [4] . When the trace REEs impurities in 99 % purity Tb 4 O 7 is analyzed by a spectrometer with a moderate dispersion rate, the adopted matrix concentration was only 0.2 mg/mL. The background interference caused by continuous spectrum or stray light can be easily deducted by the off-peak method. Presently, most of the instruments have been allocated with the function of automatic back-ground correction. Sometimes the on-peak method is also employed for correction, during which matrix blank is detected immediately after each sample analysis to ensure the consistency of matrix interference value.
To understand the impact of the existence of matrix on the increase of background, background factor is proposed, which refers to the background intensity ratio between the mixed solution of 1 mg/mL matrix and corresponding analyte and the solution containing only the analytes with same concentration. Table 4 lists the background factors and corresponding detection limits obtained from the analysis of high-purity Tb 4 O 7 samples. As can be seen from Table 4 , the existence of matrix increases the detection limit, and the increase of background clearly makes a contribution to the increase of detection limit. 
Matrix effect
In general, matrix effects include spectral interferences and non-spectral interferences. Non-spectral interferences are mainly caused by sample atomization, transmission, desolvation and the variation of the spectral excitation parameters. The combined influences lead to the variation of analytes' spectral intensity. In the ICP-OES analysis of high-purity REEs, matrix effect generally exhibits an inhibition effect on the analytical signal (Figure 2 ). In other words, when RE matrix concentration exceeds a certain value in the solution, the normalized intensity of the analytes (I matrix /I no matrix ) values should be less than 1. However, due to the excellent properties of ICP light source, when RE matrix concentration is less than 1.0 mg/mL, the existence of the matrix has no significant impact on the signal intensity of target analytes [7] . Besides, the severity of the REEs matrix effects is related to the medium and sample injection mode. It is reported that in contrast with the sample injection mode of water/non-desolvation, the matrix effect is more serious when the sample solution containing ethanol was introduced into the ICP with desolvation. Moreover, as the desolvation temperature increases, matrix effect is further increased [8] . Table 5 lists the detection limit of REEs with and without the existence of RE matrix. It shows that the existence of the matrix deteriorates the detection limit. Signal inhibition caused by matrix effect has been discussed. Although the mechanism is still not very clear, there are some tendentious opinions.
The influence on sampling efficiency: The existence of a large number of REE matrix results in a decrease of sampling efficiency of target REEs, which is considered as an important factor.
The influence on excitation temperature of ICP: The existence of matrix leads to the decrease of the excitation temperature of ICP, because the evaporation and dissociation process consume a portion of energy of the ICP excitation source when the matrix is introduced into ICP.
The influence on ionization process of analytes: Based on the investigation of intensity ratio of spectral line in different types for target elements, it is found that the introduction of the matrix decreases the ionization degree of analytes in ICP.
Elastic collisions happen between analytes particles in the excited states and matrix particles in the ground state, which leads to the transfer of excitation energy.
To overcome matrix effects in REEs analysis, we can take the following measures:
1. Matrix matchingThis is the most commonly used method, processing matrix matching between the tested sample solution and standard series to eliminate the matrix effect. The main problem is that higher-purity matrix is very expensive and sometimes unavailable. In general, in the analysis of high-purity rare earth with purity of 99.99 %, we should use high-purity rare earth with purity of 99.999-99.9999 % as the matrix for matching at least. Otherwise, the blank value generated by the matching matrix cannot be ignored.
2. Internal standard compensationTo overcome the problem of the matrix-matching method, internal standard is another effective way to eliminate the matrix effect. In high-purity REEs analysis, internal standard is the spiked elements, which has similar physical and chemical properties with target elements. Internal standard method is based on the similarity of the matrix effects on internal standard lines and analytical lines, the spectral line intensity ratio of which is irrelevant or insensitive to the existence/concentration of the matrix. Therefore, internal standard can be used to compensate for the influences of matrix. Table 6 lists the application of the internal standard method in high-purity REEs analysis. As can be seen, when Sc is used as the internal standard for the determination of trace REEs impurities in high-purity yttrium oxide, the analysis results obtained by internal standard method are generally consistent to that obtained by matrix-matching method.
3. Correction factorBased on the single matrix and controllable concentration of high-purity REEs analysis, the correction factor method provides an alternative way for the compensation of matrix effect. The correction factor method is based on the fact that under a certain working conditions of ICP, the intensity of the analytical lines is mainly dominated by the properties and concentrations of REE matrix; in other words, the matrix effect is constant or nearly constant. Therefore, we can use a correction factor to compensate the matrix effect. Table 7 lists the analytical results obtained by correction factor and matrix-matching method.
As can be seen, although the matrix effect can be corrected with the correction factor method to a certain extent, the real application of this method still requires further investigation. The limitation of the correction factor method is that it is unsuitable to the situation in which matrix composition is varied.
4. Dilution methodWhen the matrix spectrum is very complex, highly diluted samples can be adopted for instrumental analysis. For instance, when the matrix is diluted to 1 mg/mL in the determination of REEs impurities in Dy 2 O 3 , the sample solution can be directly analyzed, and the non-spectral interference effect has been reduced to a negligible degree. Thus, the quantification can be performed without matrix matching. There are other similar reports, such as Ref. [4] . When the matrix (Tb) is diluted to 0.2 mg/mL, spectral interferences and non-spectral interferences are reduced greatly and can be ignored, and the sensitivity of the method can still meet the analysis requirements of Tb 4 O 7 with purity of 99 %. Therefore, the dilution method is a simple way to reduce the matrix effects. The shortcoming of this method is that the sensitivity will be reduced. 
Acid effect
Acid effect in ICP-OES is a kind of non-spectral interference. The presence of HNO 3 , HCl, HClO 4 , H 2 SO 4 or H 3 PO 4 would reduce the uptake amount of the solution and decrease the signal intensity of interest analytes. The effect is increasing with the order of HNO 3 < HCl < HClO 4 < H 2 SO 4 < H 3 PO 4 , and no difference to atomic lines and ionic lines. This interference can be greatly reduced by employing peristaltic pump for sample introduction, indicating that the uptake rate variation caused by nebulization interference is the main reason.
To overcome the acid effect, some strategies can be taken: Improvement of the working conditions of sample introduction system. Inorganic acid would lead to variation of the aerosol transportation, resulting in matrix interference. Therefore, improved nebulizer has become one of the effective ways to overcome the acid effects, such as micro-concentric nebulizer, high-efficient nebulizer, and the desolvation system has been demonstrated to be effective.
Use of high RF power and low carrier gas flow rate. Acid effect would decrease the energy transfer in the plasma, especially those acids featuring with low viscosity and low density (hydrochloric acid, nitric acid, perchloric acid) which would affect the excitation temperature and electron density of the plasma, and this influencing is much more serious than that caused by sample introduction system. Thereby increasing the RF power of the plasma (>1.2 kW) and prolonging the retention time of the analyte in the central channel of the plasma would strengthen the plasma state, and the signal intensity variation would be maintained constant as possible with the introduction of different amount of matrix.
Commonly used methods to overcome matrix interference. Matrix-matching, standard addition and internal standard methods could be used to decrease the acid effect.
Sensitivity-enhancing effect of organic solvent
Since Fassel et al. directly introduced organic solvent to ICP for the first time in 1976, the reports on organic solvent have been increasing, and the investigation of organic solvent in ICP has become a hot topic in this field. The research on the application of organic solvent in ICP is mainly concentrated on three points: (1) the effects of enhanced sensitivity caused by organic solvent on spectral lines and its mechanism; (2) the hyphenation of solvent extraction with it; (3) the direct analysis of metal or metalloid elements in organic samples.
Affecting factors
The main factors that can influence the analytical functions of organic ICP are summarized as follows:
1. Forward powerA high forward power must be provided to keep a steady discharge of organic ICP. When the solutions containing inorganic matter, organic matter, or both inorganic matter and organic matter are separately introduced to ICP, it is found that the incident power of organic ICP is about 0.5 kW higher than that of aqueous ICP on the same conditions. The possible reason is that the particles formed during organic molecular decomposition process give rise to the conductance and thermal conduction of aerosol tunnel.Additionally, the analytical intensity of spectral line is increasing with an increase of the power, while the increasing rate of background intensity is lower, resulting in an improvement of the signal/noise ratio of spectral line. Besides, increasing the incident power would allow more uptake amount of samples with no quenching of the plasma.
2. Gas flow rate and observation heightThe increasing of cooling gas flow rate could weaken the emittance of cyanogen molecular band and has no obvious influence on the intensity of spectral line. When organic solvents are introduced into the plasma, auxiliary gas would not be shut down in order to prevent the deposition of carbon particles on the wall of middle and inside tube of torch. Carrier gas flow rate affects the intensity of spectral line seriously, which varies with the properties of spectral line, namely hard line or soft line. Generally, the best observation height for the analysis of organic solutions is lower than that for the analysis of aqueous solutions.
3. Uptake rate of solutions and ICP toleranceIt is found that the solvent with higher vapor pressure, such as methanol, acetone, benzene and cyclohexane, is difficult to be introduced, but for the solvent with lower vapor pressure the situation is contrary. One of the reasons for ICP quenching is the unstability of the plasma and impedance unmatching which is caused by the sudden entering of too much organic solvent with higher vapor pressure.
There are two ways to improve the tolerance capacity of ICP for organic solvents. One is to increase the incident power, and the other is to control the uptake rate of the solvent. Generally speaking, the higher the evaporation factor of solvent is, the slower the ultimate uptake rate is.
Enhanced sensitivity caused by organic solvents in REEs analysis
It has been long observed that the introduction of organic solvent could enhance the spectral line intensity of REEs and improve the detection sensitivity of ICP-OES for REEs.
Enhanced sensitivity by ethanol
By using the conventional pneumatic nebulization (PN) sample introduction system, 15-30 % (v/v) ethanol solution are found to effectively improve the spectral line detection for most elements in ICP-OES. Based on the investigation of the effects of ethanol on the spectral line intensity of REEs, it is found that the spectral line intensity of REEs is increased, and the background intensity decreases with the increase of ethanol concentration. What's more, the sensitivity-enhancing effect on the ionic spectral line is higher than that on the atomic spectral line. Thus, the introduction of ethanol is beneficial to improve the detection limit of REEs (Table 8 ). The introduction of ethanol also affects the stability of ICP discharge, especially when the working power of ICP is relatively low. The lower the working power is, the less the amount of ethanol the plasma can tolerate. So a higher working power should be employed when ethanol is introduced to ICP compared with aqueous solution.
Introducing ethanol to ICP would cause some negative effects, such as the instability of ICP discharging, the deposition of carbon particles formed during the decomposition of organic matter at high temperature and the resulting molecular spectrum of cyano group, which would cover the corresponding band of light spectrum.
Mechanism for sensitivity-enhancing effect of ethanol
Some research showed that the enhanced sensitivity caused by ethanol on the spectral line of REEs can be attributed to the improved nebulization efficiency and atomization efficiency based on the introduction of ethanol.
In order to investigate the influence of ethanol on nebulization efficiency, Chen et al. [9] compared two mixing situations, mixing ethanol with water in solutions and mixing two aerosols of ethanol with water. The results show that the sensitivity-enhancing effect caused by mixing ethanol with water in solutions is obviously higher than that by mixing aerosols, indicating that the sensitivity-enhancing effect of ethanol depends on the improvement of sample nebulization and mass transfer process. Because the surface tension of ethanol is lower than that of water, ethanol is easier to form tiny droplet. Similar conclusion was obtained in some Refs [10, 11] , and it is specified that the sensitivity enhancing of the REEs spectral line is caused by the decreasing of the droplet diameter and the increasing of the transition rate of target elements.
To investigate the effect of ethanol on the nebulization efficiency, the mixed aerosol of ethanol and water in different ratios are introduced into the plasma, and the results are shown in Figure 3 . As can be seen, with the increase of ethanol concentration, the intensity of REE spectral line is increased obviously; when the concentration of ethanol is higher than 60 % (v/v), the increasing of the spectral line intensity is sharper. The results show that REE compounds may experience a process of first dissociating and then recombining, forming monoxide of REEs finally which is difficult to dissociate. While when the existence amount of ethanol is enough, the possibility of forming REEs monoxide is reduced because of the strong reducing property of carbon particles or carbon-containing free radicals which occur in high temperature, thus improving the atomization efficiency. 
Organic solvent and pre-desolvation
Yang et al. [12] proposed that the combination of the sensitivity-enhancing effects of organic solvent (ethanol) and desolvation would improve the detection sensitivity of REEs.
1. Effect of desolvation temperatureAs can be seen from Figure 4 , the signal-to-noise ratio of REEs is gradually increased with the increasing of the desolvation temperature from 150 to 300°C. And the detection limits of interest REEs are obviously improved when the desolvation temperature is 300°C and the concentration of ethanol is 95 % (v/v). Compared with non-desolvation aqueous solution, the detection limits of REEs are decreased about one order of magnitude (Table 9 ).It should be pointed out that (1) desolvation also depends on the concentration of matrix concentration. The improvement of the detection limits is obvious without the matrix existing, and the improvement is more and weaker when the concentration of matrix is increasing. Thus, there is a strict limit on the total salinity of the sample solution for desolvation sampling, generally less than 5 mg/mL. Otherwise, the high salinity not only affects the improvement of the detection limits but also causes torch blockage; (2) compared with non-desolvation, the matrix effect is obviously enhanced ( Figure 5 ) when the sample is introduced into the plasma under desolvation. As can be seen, the spectral line intensity of the elements is decreased clearly when the concentration of Y matrix is up to 1 mg/mL. Moreover, the analytical signal is decreased by nearly 50 % when the concentration of Y matrix is up to 5 mg/mL; the matrix effect increases with the increasing of the desolvation temperature.
2. The effect of ethanol concentrationFigure 6 shows the effect of the ethanol concentration on the spectral line intensity of REEs with the desolvation temperature of 300°C. As can be seen, the signal of analyte is gradually raising with the increasing of ethanol concentration up to 95 % (v/v).Based on the investigation of the effect of ethanol concentration and desolvation temperature on the sampling rate of the analytes into the plasma (the quantity of the analytes entering the plasma excitation area in unit time), it can be concluded that (1) the loss rate of analytes in transportation would drop to 50 % with the increase of ethanol concentration, specifically, 95 % loss of the analyte in aqueous solution to 50 % loss in 95 % ethanol. (2) The desolvation efficiency is increased from 32 to 73 % with the increase of the desolvation temperature, and the loss of analytes is further decreased. Above all, it can be assumed that the reason why it can improve the detection sensitivity of REEs through the combination of ethanol with desolvation is that the uptaking rate of analytes into the torch is enhanced and the effect of the solvent on the plasma is excluded or decreased during the process.
3. Matrix effect in ethanol/desolvation systemYang et al. [7, 12] systematically investigated the matrix effects in ethanol/desolvation system and compared it with normal non-desolvation system. It was found that the existence of 1 mg/mL Y matrix has no obvious effect on the normalization intensity of target analyte, while the spectral line intensity is obviously decreased with desolvation sampling under the same condition.The performance of matrix effect observed under the condition of ethanol/desolvation can be described as follows: (1) The effect on the sampling efficiency: it showed that when the concentration of matrix is in the range of 1-5 mg/mL, the sampling efficiency of analytes is decreased nearly 40 % compared with that obtained under no matrix existence. (2) The effect on the excitation conditions of ICP: it was found that the ionizability of target element (Yb) is decreased when the matrix was introduced into ICP based on the investigation of the intensity ratio of the spectral line in different types (atomic line and ionic line). Moreover, the ICP temperature was measured and it was found that the excitation temperature of the plasma is decreased with the introduction of matrix to the plasma, probably due to that the process of matrix evaporation and dissociation consumes a part of energy of ICP.
4. Sensitivity-enhancing effects by other solvents for REEs analysisChen et al. [13] investigated the sensitivityenhancing effects of five organic solvents, including butyl acetate, methylisobutylketone, chloroform xylene and phenoxin, and on target REEs, and combine it with liquid extraction technique. In this process, target REE ions formed organometallic chelates firstly with the organic agent PMBP, and the compound was extracted from aqueous solution to organic phase using appropriate organic solvents and then directly introduced into ICP. The sensitivity-enhancing factor obtained by five organic solvents for La and Y is listed in Table 10 . It can be found that the introduction of all tested organic solvents exhibited sensitivity-enhancing effects in different degree, and the order is butyl acetate > MIBK > HCCl 3 ≈ phenoxin ≈ CCl 4 . A comparison of the detection limit and RSD for La and Y obtained in different solvents is listed in Table 11 . Based on the distribution ratio difference of La in TBP-HNO 3 system with other REEs, the selective extraction and separation of REEs impurities (Eu-Lu and Y) from La matrix were processed by using TBP as the extractant [14] . The organic phase was directly introduced into ICP for detection and the detection limit of the method is ranging from 0.34 to 9.3 ng/mL.
Sample introduction for ICP
The analytical performance of plasma source spectrometry is highly dependent on the employed sample introduction techniques. Therefore, the research on new sample introduction techniques has always received the greatest attention. An "ideal" sample introduction technique should meet these requirements: (1) high sample introduction efficiency; (2) low sample mass requirement and (3) powerful ability to analyze a wide variety of samples with complex matrix. However, it is difficult to realize the above-mentioned criteria even with a PN, which is the most popular sample introduction technique in ICP-OES.
Pneumatic nebulization and ultrasonic nebulization
Conventional PN sample introduction is characterized with several shortcomings including low transport efficiency (ca. 10 %), large sample mass requirement and possible risk of blockage in the nebulizer during the analysis of samples containing high concentration of dissolved salts or slurries. Although Babington nebulizer can be applied to the direct analysis of these samples, it was particle diameter dependent and severely suffered from the matrix effect.
By using an ultrasonic nebulizer coupled to a desolvation system the amount of solvent entering the plasma can be drastically reduced and sensitivity improved. Bentlin et al. [15] compared pneumatic and ultrasonic nebulization in terms of the detection limits for both radially and axially viewed plasma, by monitoring the most sensitive spectral lines when possible. It was found that the lowest detection limits were obtained by using ultrasonic nebulization and axially viewed plasma ( Table 9 ). The best detection limits obtained with ultrasonic nebulization are mainly due to the greater aerosol output of the ultrasonic nebulizer (the sample uptake rate and aerosol transportation to the plasma are higher than those of the MicroMist nebulizer). The detection limits found using ultrasonic nebulization and axially viewed plasma are lower than those reported for La, Ce, Nd, Sm, Eu, Er and Yb, measured using ultrasonic nebulization ICP-OES and matrix removal [16] . For comparison purposes, the detection limits obtained by PN-ICP-MS [17] are also shown in Table 12 . It can be seen that detection limits found using ultrasonic nebulization and axially viewed plasma are in general only one order of magnitude higher, or less, than those found by ICP-MS. 
Flow injection
In 1975, Ruzicka and Hansen [18] published their research works, which marked the establishment of a new analytical technique -flow injection analysis (FIA). In 1981, Fang [19] introduced the instrument, principle and application of FIA in China for the first time. The application of FIA in atomic spectrometry is originated in atomic absorption analysis (AAS), and it was until 1980 when Ito et al. [20] introduced FIA into ICP-OES. From then on, FIA was applied widely in ICP-OES as an online/pretreatment technology for trace analysis. Fu et al. [21] reviewed the application of FIA in REEs analysis in China, which was mainly concentrated on the hyphenation of FIA with spectrophotometry, and electroanalysis and ICP-OES analysis were discussed as well. The hyphenation of FIA with ICP-OES merits low sample consumption, simple operation, rapidity, good reproducibility, low pollution and easy automation, demonstrating that it is a kind of promising sampling technique. The characteristics of FIA coupled with atomic spectroscopy can be summarized as follows:
1. Sample volume is usually 10-300 μL.
2. Sample throughput can be as high as 500 h −1 .
3. The absolute detection limit can be improved.
4. The clogging of nebulizer can be prevented effectively.
5. The impact caused by matrix or acidity variation can be reduced.
6. An improved reproducibility can be obtained over common continuous sampling.
7. Online dilution is available for the determination of target elements with different concentration.
8. The sensitivity-enhancing effect of organic solvent can be fully utilized, and the resistance for organic solvent in FIA-ICP-OES system is apparently higher than that in common ICP-OES system.
FIA coupled with ICP-OES for direct determination of trace REEs
Chen et al. [22] applied FIA-ICP-OES for the determination of 14 trace REEs in the high-purity Y 2 O 3 directly. When the employed sample volume was 1 mL in which the matrix concentration was 40 mg/ml, detection limit for target REEs was in the range of 0.25-12.5 g/g, with RSD of 1.0-2.9 %. This method can be used for the rapid and accurate determination of trace REEs in Y 2 O 3 with 99.99 % purity. Compared with conventional PN, FIA-ICP-OES has the following obvious advantages:
1. Both of acid and matrix effects can be reduced to a certain extent, and these two interferences can be further reduced with the decrease of sample injection volume (Figure 7) , which is probably due to the dilution effect of carrying flow on the sample and the sampling mode of peristaltic pump. Luo et al. [23] investigated the chemical/physical interference by using three injection modes, PN, peristaltic pump uptaking and flow injection, and it was found that the acid effect was effectively eliminated or reduced in FIA system.
2. High concentration of matrix in sample solution is allowable. It was found in the experiment that no clogging happened in nebulizer or ICP center tube when 50 mg/mL Y 2 O 3 matrix was introduced into the plasma by FIA system continuously for a long time. Apparently, it is closely related to the dilution effect of carrying flow and the rapid contact of sample solution with the nebulizer or central tube.
3. Reproducibility of the method can be further improved. Table 13 lists a comparison of analytical performance obtained by PN and FIA-ICP-OES for REEs. 
Standard addition method in FIA
In this method, sample solution is used as the carrying flow, the standard solutions with different concentrations are successively injected into the carrying flow by the sampling valve, and they flow through a coil of a certain length to mix sufficiently, followed by introducing directly into the nebulization system and subsequent ICP-OES detection. The obtained curve is shown in Figure 8 , and the cross point which is made by the working curve and the concentration axis is the determined concentration of target analyte in the sample solution. This standard addition method is called flow injection reverse standard addition method, also called interpolating standard addition method. The reverse standard addition method was applied to the determination of single REE in the mixed REEs sample [24] , featuring with simple operation, rapid analysis, good accuracy, and it is insusceptible to the variation of sample composition. Yet a large volume of sample solution is consumed in this method. The main influencing factors in this method include the length of mixing tube, injection volume, flow rate and signal integration interval. In order to obtain accurate results, the spiked amount of the standard series solutions should be closed to the concentration of target analytes in the real sample.
Three standard addition methods in FIA-ICP-OES analysis are compared in terms of the analytical performance, including (1) interpolating standard addition method (sample solution is the carrying flow), spiking standard series with fixed volume into the carrying flow; (2) gradient correction technology, spiking standard series with different concentration into sample solution; (3) the method in which water carrying flow is in front of the sample solution, which is followed by the standard series. The order for the precision is (1) > (3) > (2), (2) > (1) > (3) for the simplicity, and (2) > (1) > (3) in sample consumption.
Online separation/preconcentration ICP-OES for trace REEs analysis
Online flow injection (FI) combined with ICP-OES detection is widely used for the analysis of metals and metalloids. The advantages are summarized as follows: (1) high enrichment efficiency; (2) low sample/reagent consumption; (3) simple operation and high analytical efficiency. Yet the injection volume and sample throughput restrain mutually; the improvement of detection limit is limited; the separation device/operation is relatively complex. The commonly used online separation/preconcentration system is shown in Figure 9 . And Table 14 lists the representative application of online FI separation/preconcentration ICP-OES for trace REEs analysis. Note: CCTS-AHBA, functional moiety of 2-amino-5-hydroxy benzoic acid (AHBA) chemically bonded to amino group of cross-linked chitosan (CCTS).
Laser ablation
As an inefficient solid sampling technique, laser ablation (LA) has been successfully employed in ICP-OES. Arrowsmith et al. [32] reported the strategy by using LA as the sampling system and ICP as the excitation unit. The schematic diagram of the apparatus is presented in Figure 10 . LA-ICP-OES is featured with low absolute detection limit (ng to pg level); the ability for conductor and nonconductor analysis, especially those solid samples difficult to decompose (e.g., complicated minerals, ceramics); supplementary means of micro-analysis; non-destructive analytical techniques; and low sample consumption, just 0.2 % of that needed in conventional PN sampling.
Lin et al. [33] employed LA-ICP-OES for the direct determination of refractory elements (including REEs) in minerals without chemical separation, and relative detection limits of g/g or much lower were achieved. In the sample preparation, graphite, caprolactam and polychlorotrifluoroethylene (2:2:4) were used as the diluent, and the sample was mixed with the diluent with the ratio of 1:4. 6 mg mixed sample was pressed into discs (Ø25 mm × 1.5 mm) and used for direct detection. The obtained detection limit for the refractory elements is listed in Table 15 . The addition of a certain amount of organic fluorinating reagent benefits the improvement of the vaporization behavior of target analytes, decreasing the effect of existing form of matrix and target analytes on the vaporization process. If the concentrated analytes can be introduced into plasma completely, the detection limit will be decreased efficiently. Under a certain condition, trace REEs were selectively adsorbed on an ionicexchange paper, which was then vaporized by continuous laser and introduced into ICP for detection. The detection limit of ng/g can be obtained (Table 16 ). 
Electrothermal vaporization
This technique was developed from the atomizer source in graphite furnace atomic absorption spectrometry (GFAAS) and has gained renewed interest by the atomic spectroscopy community due to its outstanding characteristics compared with conventional PN. Firstly, ETV has high transport efficiency (approximately 80 %), which is useful to promote the detection limits for the analysis of real samples. Secondly, the ETV steps of sample vaporization and its excitation/ionization are separated spatiotemporally, which is helpful in removing the matrix and reducing non-spectroscopic or spectroscopic interferences from the matrix. Thirdly, the low sample mass requirement of ETV is favorable to some situations in which only a small amount of sample is available. Finally, ETV is quite suitable for direct analysis of solid samples, which leads to increasing applications in trace analysis.
Since the precursory reports of using a tantalum filament device as a vaporizer for ICP in 1974 [34] and employing a graphite furnace for sample introduction for ICP in 1978 [35] , ETV-ICP-OES has been developed as an important tool for the determination of trace elements. When ETV sample introduction devices were hyphenated to ICP-MS [36] , the performance of high sensitivity and solid sample analysis potential of ETV-ICP-MS attracted great attention for the determination of elements at trace and ultra-trace levels. Nowadays, ETV-ICP-OES/MS has been considered as one of the most versatile methods with respect to its accommodation of different types of samples with complex matrices (non-aqueous solutions, high dissolved salt or acid concentrations, slurries, and solid samples), especially solid samples.
Analytical performance
ETV-ICP-OES merits wide linear range, simultaneous multielement detection ability and good anti-interference capability in comparison with GFAAS. ICP-OES equipped with an ETV device offers 1-2 orders of magnitude improvements in detection limits, compared with conventional pneumatic nebulizer as sample introduction for the determination of many elements. The absolute detection limits generally range from sub-nanogram to picogram level for ETV-ICP-OES and from picogram to femtogram level for ETV-ICP-MS. Table 17 compares the analytical performance of ETV/PN-ICP-OES with GFAAS. 
ETV devices and operation parameters
The vaporizers used in ETV are usually modified from a metal coil atomizer (tungsten, platinum, tantalum, etc.) or a graphite furnace. The metal coil device has smaller size than the latter, which facilitates its use in some miniaturized analysis instruments. However, its inherent potential to interact with oxygen and evaporate at high temperature prevents its application as an atomizer. Consequently, the graphite furnace is employed most often, even though it suffers from "memory" effect at high temperature due to analyte transferring into the inner surface of graphite tube and formation of refractory carbides. The use of pyrolytic graphite-coated tube or metallic carbide-coated tube could improve the performance of graphite furnace ETV. Many designs have been studied in order to obtain a high transport efficiency of analyte from ETV to ICP. One of the most used designs is the horizontal flow-through type. The carrier gas flows through the longitudinally heated graphite tube from one end to the other toward the plasma. In order to form a stable aerosol, a finely designed cold gas flow was usually incorporated at the outlet of the graphite furnace. The bypass cold gas is favorable for minimizing aerosol condensation and deposition in the transferring tubing.
Some factors are usually considered in the design of the electrothermal vaporization (ETV) device: (1) avoiding the condensation and deposition of sample aerosol in the internal surface of evaporation chamber; (2) providing maximum vapor density for transmission; (3) reducing the pulse effect (piston effect) in the ICP to keep the stability; (4) achieving long retention time of analytes in the plasma and maximizing the atomization/excitation efficiency. A schematic diagram of ETV-ICP system by using a graphite furnace as the vaporizer is presented in Figure 11 . Figure 11 : Schematic diagram of ETV-ICP system by using a graphite furnace as the vaporizer (A -graphite tube; Bsampling hole; C -graphite seat; D -seat cover; E -packing ring; F -filling plug; G -electrothermal unit; H -pipe connector; I -cooling water pipe; J -compression spring; K -carrier gas; L -outside flow air; M -PTFE tube; N -ICP torch) [37] .
It should be noted that the role played by graphite furnace in GFAAS and in ETV-ICP-OES/MS is different. For GFAAS, the graphite furnace is used not only as a vaporizer but also as an atomizer, in which the sample drying, ashing and atomization take place. Sometimes, it is difficult to achieve a complete atomization for refractory elements and carbide-forming elements, due to restricted maximum available temperature (2,800-3,000°C
) and the small size of space in the graphite furnace. However, for ETV-ICP-OES/MS, the graphite furnace is only used as a vaporizer, in which the sample undergoes drying, ashing and evaporation. In this case, a complete vaporization of the analyte and its efficient transportation into ICP, in which excitation/ionization of the analyte occurs, are only necessary for adjusting the graphite furnace as sample introduction device.
Good performance of ETV-ICP-OES/MS depends on its operation conditions. A higher flow rate of carrier gas would decrease the dilution effect on aerosol, whereas a lower gas flow rate would lead to a longer retention time of analyte in the plasma, which is favorable for multielement detection. Optimization of ICP-OES/MS should also be carried out usually with a conventional PN method, before its connection with ETV. Similarly to GFAAS, the temperature programs for ETV-ICP-OES/MS also consist of drying, ashing and vaporization steps. During the drying step, the sample overheating and plasma overloading should be prevented. Successful removal of matrix may be realized by proper usage of drying and ashing steps. The optimized vaporization temperature should be chosen for good signal profiles and the highest intensities of analytes of interest.
Limit of conventional ETV system
Low vaporization and transportation efficiency of interesting analytes sometimes occurred in conventional ETV-ICP-OES, which is mainly caused by the following situations: (1) the analytes vaporized out before vaporization step in the temperature programs, which is called ashing loss; (2) incomplete vaporization of interest analytes leads to a decrease in the transportation efficiency; (3) the deposition of analytes in the internal surface of ETV device and the transportation tubing result in a decreased transportation efficiency.
To achieve complete vaporization of refractory elements and those that can easily form nonvolatile carbides with graphite at high temperature, the following strategies can be adopted:
1. Employing refractory metal (e.g., Ta) as the vaporizer. The disadvantage of this vaporizer is that these metals can easily react with active substances in air and sample to become brittle at high temperature. Moreover, the vaporization of these metals at high temperature may cause spectral interferences.
2. Coating the graphite tube with metallic carbides. While it could improve the detection limits of several elements it led to worse detection limits of some others.
3. Use of chemical modifiers. Chemical modifiers could be spiked to react with interest analytes (or matrix), forming volatile compounds which can be vaporized out. It is proved to be efficient and effective to resolve this problem.
The most widespread and efficient type of chemical reaction is halogenating reaction, especially fluorination and chlorination reaction. The halogenating reaction can easily happen at high temperature to a great number of elements and the formed halide is more volatile than their oxide substances. Besides, metal chelating and alkylating reactions can also be employed.
The chemical modifiers can be divided into inorganic and organic chemical modifiers. Comparatively, organic chemical modifiers are more commonly used in ETV-ICP-OES system, probably due to the more degradability of organic reagents, which can easily release active substances.
The chemical modifiers can be spiked into ETV system in gaseous or solid form. Gaseous chemical modifier (e.g., Freon) is mixed into the carrier gas (Ar), and the reaction process is happening between gaseous chemical modifiers and solid samples; solid modifiers are mixed with the sample evenly or prepared into slurry solution, followed by introducing into the vaporizer. Slurry sample introduction inherits the advantages of direct solid sample introduction and liquid sample introduction.
ETV-ICP-OES for REE analysis
When ETV-ICP-OES is used for the determination of refractory elements and easily forming carbides elements (e.g., REEs), incomplete vaporization of the analytes and memory effects are the major difficulties. The application of a suitable chemical modifier has been proved to be one of the most efficient methods.
Fluorination-assisted (F)ETV-ICP-OES for REEs analysis
Halogenation with halocarbon vapors (CCl 4 , CF 2 Cl 2 , CHF 3 , etc.) has been successfully introduced into GFAAS and ETV-ICP-OES/MS for volatilization of refractory elements or for in situ removal of matrix. When polytetrafluoroethylene (PTFE) emulsion was used as a halogenating reagent in ETV, the vaporization of refractory elements and carbide-forming elements from the graphite tube and their transport into the plasma could be dramatically improved.
PTFE is high molecular polymer with a decomposition temperature of 415°C and would decompose into a series of monomers of tetrafluoroethylene at temperature higher than its decomposition temperature.
At high temperature, the decomposition products of PTFE and C 2 F 4 would react with the oxides of many elements, forming corresponding fluoride. Compared with other halogenating reagents, PTFE presents several advantages: (1) high fluorine content; (2) sufficient chemical activity of F; (3) suitable decomposition temperature (about 415°C), favoring the elimination of organic matrix; (4) low amount of inorganic impurities; and (5) easy to use, and can be easily mixed with sample in any ratio.
FETV technique for sample introduction, using PTFE slurry as fluorinating reagent to promote the volatility of REEs, has been proved to be effective and efficient. By the use of PTFE as a fluorinating reagent, the vaporization and transport efficiency of trace REEs in ETV-ICP-OES are dramatically improved, which leads to the promotion of detection limits by one or two orders of magnitude in comparison with that obtained with an ETV technique without the use of PTFE.
Vaporization mechanism of REEs fluorination
REEs are refractory metals with high boiling points for the elements or their oxides. Besides, REEs would easily form very stable involatile carbide on the surface of graphite tube. Table 18 lists some physicochemical characteristics of REEs and related compounds. Figure 12 presents the typical signal profiles of Yb in the absence and presence of PTFE. As can be seen, the signal of Yb obtained in the absence of PTFE is very weak, the peak is broad, and asymmetry with tailing and the memory signal is obvious. In the presence of PTFE, the signal peak of Yb is strong, sharp and symmetrical, and the memory signal is negligible. The results indicate that refractory RE oxides reacted with fluorinating reagent in the presence of PTFE and form fluorides with low boiling point which is vaporized and transported into ICP. 
Transportation process
Deposition loss is usually employed for the evaluation of the transportation efficiency of analytes in the transportation process. Table 19 lists the deposition loss of analytes with and without the presence of PTFE. As can be seen, although the deposition loss is reduced under the presence of PTFE, it's not very much. And the deposition loss is mainly caused by rapid temperature decreasing. While the premise for evaluating the transportation efficiency with deposition loss is the complete vaporization of target analytes, this is not true in practical process. Thus, the relative deposition loss is proposed for a better understanding of the transportation efficiency, which is defined as the ratio of the deposition loss amount of target analytes to the vaporized amount of corresponding elements. Table 20 presents the relative deposition loss of target analytes with and without the presence of PTFE. It shows that the relative deposition loss with the presence of PTFE is reduced by two times (Yb) to five times (La) over that without the presence of PTFE, indicating that the introduction greatly improves the transportation of REEs in ETV system. The reason may be specified by two factors. (1) The formed fluoride is transported in the form of a molecule, whose transportation rate is higher than that of the conventional atom transportation form. (2) Besides the reactive small molecular decomposed from the PTFE under high temperature, other nonreactive small molecular and tiny particles are formed by the gas flow, and it can act as a "condensation nuclei" of gaseous fluorides in the condition of rapid ETV heating, improving the transportation efficiency of target analytes [39] . 
Vaporization process of REEs and the mechanisms
Without the presence of PTFE, REEs are vaporized in atomic vapor form in ETV-ICP-OES; the vaporization process can be described as follows by taking Y as the representative.
>1,600 ∘ C−2,100
The formed YC 2 is very stable and cannot decompose during the ETV heating program. Yet Y 2 O 3 (solid) → 2YO(gas) + O(gas) would happen from the thermodynamics' point of view. Thus, Y is vaporized in the form of gaseous atom and the vaporization is incomplete.
With the presence of PTFE, the situation is contrary. The target REEs are vaporized out under a relatively low temperature and the vaporization efficiency of above 98 % can be achieved. RE oxides react with PTFE as in the following process. The thermodynamics data listed in Table 21 can also prove the feasibility.
2RE 2 O 3 (solid) + 3C 2 F 4 (gas) → 4REF 3 (gas) + 6CO(gas) 
-983 -
Affecting factors for fluorination vaporization
The main factors influencing the formation and vaporization of fluorides include the amount of fluorinating reagents, ashing temperature, vaporization temperature and matrix concentration.
1. Amount of fluorinating reagents (PTFE slurry)The concentration of fluorinating reagents is one of the main impactors which influence the completion of fluorination reaction. Figure 13 represents the effect of PTFE concentration on the vaporization signal intensity of La. It indicates that the signal intensity is increased with the increase of the concentration of PTFE and maintains constant when the concentration of PTFE is above 4 % (m/V). Yet when the concentration of PTFE is increased further, the plasma is unstable and quenched sometimes, probably due to the rapid decomposition of PTFE in the plasma and the resulting unmatching impedance. Generally, 6 % PTFE is employed in the experiment.
2. Ashing temperatureThe selection of ashing temperature should consider the following factors. (1) It is beneficial to the removal of the matrix, especially organic matrix; (2) It helps the rapid formation of RE fluorides; (3) No loss of analytical signal. Figure 14 represents the effect of ashing temperature on the vaporization signal of La. An obvious ashing loss is observed when the temperature is higher than 1,800°C. In other words, an ashing temperature up to 1,500°C can be employed, and a lot of interference components (organic compounds and part of inorganic matrix) can be completely removed under this temperature. This temperature is much higher than the decomposition temperature of PTFE (415°C), indicating that there is no obvious loss of the formed fluorides at such a high temperature. Thus, for the elements with boiling points higher than 415°C for their fluorides (e.g., REEs), the selection of ashing temperature should refer to the boiling point of corresponding fluorides; for the elements with boiling points lower than 415°C for their fluorides (e.g., Si), the selection of ashing temperature should refer to the decomposition temperature of PTFE, T ashing < 415°C. In general, the ashing time affects the extent of fluorination reaction to some extent.
3. Vaporization temperatureFigure 15 provides the effect of vaporization temperature on the signal intensity of La. It shows that the vaporization efficiency is increased with the increase of the vaporization temperature, along with the increasing of the signal intensity. And the signal intensity maintains constant when the temperature is above a certain level (e.g., 2,400°C). Compared with conventional ETV, the optimal vaporization temperature in fluorination-assisted ETV is lower. Matrix effect is one of the main factors evaluating the analytical performance of the method. Alkali and alkaline earth metals are common matrix elements in many real-world samples. Table 22 lists the tolerance limit of alkali and alkaline earth metals in the determination of La and other refractory metals by FETV-ICP-OES. As can be seen, the highest tolerance limit of alkali and alkaline earth metals exceeds 5 mg/mL, which is approximately 10 4 -10 5 times of the concentration of target element. Table 23 lists the tolerance limit of transitional metals in the determination of La and other refractory metals by FETV-ICP-OES. As can be seen, the effect of transitional metals on the fluorination-assisted vaporization of interest elements is not very obvious. Figure 16 presents the effect of RE matrix (Y, Yb) on the signal intensity of La. No obvious variation of the signal intensity is observed when the concentration of matrix (Y, Yb) is below 2 mg/mL. When the concentration of matrix is above 2 mg/mL, the signal intensity of La is decreased sharply, probably due to the two competition reactions. One happens between target analytes and fluorinating reagents, the other happens between the RE matrix and fluorinating reagents, and they may cause the incomplete vaporization of La or variation of the vaporization rate. Table 24 presents the detection limits of REEs obtained by FETV-ICP-OES. As can be seen, the absolute detection limit of sub ng/pg is obtained for REEs by FETV-ICP-OES. Compared with conventional ETV-ICP-OES detection system, the detection is improved by about 2 orders of magnitude; the relative detection limit is comparable or superior to that obtained by PN-ICP-OES. RSD of less than 5 % can be achieved in FETV-ICP-OES, and the dynamic linear range covers 3-4 orders of magnitude. As mentioned above, the tolerance limit of coexisting ions is about 10 4 -10 5 times of target REEs in FETV-ICP-OES measurement, which is one order of magnitude higher than that obtained in conventional ETV-ICP-OES. 
Matrix concentration
Analytical performance
Low-temperature ETV-ICP-OES for REEs analysis
The use of organic chelating reagents as chemical modifiers in the ETV-ICP-OES has some characteristics including the following: (1) refractory elements can be vaporized at lower temperatures, which is beneficial to prolong the lifetime of evaporator; and (2) organic chelating reagents can be used both as chemical modifiers and as extracting reagents; thus, the application potential and the determination sensitivity of the method can be further improved. A series of chelating reagents including EDTA, polyhydroxy compounds, 8-hydroxyquinoline, 1-phenyl-3-methyl-4-bonzoil-5-pyrazone (PMBP), acetylacetone, thenoyltrifluoroacetone (TTA), diethyldithiocarbamate and ammonium pyrrolidinecarbodithioate have been tested as chemical modifiers for ETV-ICP-OES/MS determination of trace elements. Peng and Jiang [44] firstly attempted to use the reaction of PMBP and REEs in ETV, which form volatile and chemically stable REEs chelates for the subsequent vaporization. It was found that PMBP chelates of La, Y, Eu and Sc could be vaporized from graphite tube at 1,000, 1,200, 1,200, and 900°C
, respectively. The proposed method was successfully employed for trace REEs (La, Eu, Y and Sc) analysis in environmental samples. By using PMBP as the chemical modifier in ETV-ICP-OES analysis of refractory REEs, the vaporization temperature (900-1,200°C) of interest REEs is significantly decreased compared to that in conventional ETV system, the formation of RE carbides is effectively avoided, and the detection limit of REEs (ng/mL level) is comparable to that in FETV-ICP-OES. Fan et al. [43] developed a method of ETV-ICP-OES for the determination of trace Sc and Y, based on gaseous compound introduction into the plasma as their TTA complexes. As can be seen from Figure 17 , a weaker signal intensity could be detected for Sc and Y at the temperature of 300 and 500°C, respectively, indicating that the TTA complexes of Sc(III) and Y(III) formed and started to vaporize into ICP [43] . With the elevation of vaporization temperature, the signal intensity for both Sc and Y increased notably, and the maximum emission signal was obtained at 800°C for Sc and 900°C for Y. These maximum signals remained constant with further increases of vaporization temperature up to 1,500°C. Besides, low-temperature ETV-ICP-OES can be easily combined with sample pretreatment techniques for further improvement in the detection limit of target REEs. Chen et al. [45] employed PBMP as both the extractant and chemical modifier and realized the quantification of trace Eu in high-purity ZrO 2 by ETV-ICP-OES.
Above all, compared with conventional ETV system, low-temperature (LT)ETV merits the following: (1) the vaporization of REEs can be performed at fairly low temperature in LT-ETV; (2) the lifetime of graphite tube can be prolonged; (3) the formation of refractory carbides is effectively prevented; (4) the sensitivity is improved significantly; (5) it's easy to combine with chemical separation/preconcentration technique.
Application of ICP-OES in the analysis of high-purity REE, alloys and ores
High-purity REE analysis by ICP-OES
High-purity REE refers to RE metals or oxides with the purity higher than 99.9 %, which are mainly used in optical, electric, magnetic and other functional materials. The metal impurities in these high-purity REE materials are in g/g level or much lower. ICP-OES can be employed for the analysis of high-purity REE (99.9-99.99 %) with good reproducibility -no need for complicated sample pretreatment process and multielement analysis ability. The application of ICP-OES for the analysis of high-purity REE is presented in Table 25 . Yet the sensitivity of ICP-OES is not high enough for the analysis of REE with purity higher than 99.99 %; the spectral interference is serious, especially for those REE matrix with complex spectral background; matrix matching is often needed due to the matrix effect; and direct solid sample analysis is expected. It should be pointed out that the ability of analyzing high-purity REE by ICP-OES is affected by the complex spectral background of REE matrix, and the high dilution of the sample along with the low nebulization efficiency limits the determination performance of ICP-OES to a great extent.
Detection limit of REEs in REE matrix
The conventional detection limit (C L ) is obtained with the absence of other coexisting elements -no consideration of matrix effect in real-world sample. Boumans proposed real detection limit (C L,t ) which can be expressed as
where S a is the sensitivity of the analytical line, and X i (λ a ) is the net signal of interference obtained at the analytical line. Thus, C L,t is often higher than C L . Velichkov employed C L,t for the selection of analytical line in the determination of single RE in high-purity RE materials [61] . Table 26 lists a comparison of detection limits for REEs obtained under different circumstances, where A represents the detection limit with the presence of matrix (C L,t ), B represents the detection limit without the presence of matrix (C L and C is the detection limit obtained after the removal of matrix. As can be seen, in the presence of RE matrix, the obtained real detection limit is higher than the obtained conventional detection limit; the increase of the detection limit depends on the spectrum complexity of the RE matrix, and the detection limit is much higher when the spectrum of RE matrix is more complicated; C L,t is increasing with the increase of the matrix concentration; the detection limit could be improved by removing the matrix and enriching target analytes. 
Analytical line and internal line
For the direct determination of trace REEs impurities in high-purity RE, the selection of analytical lines should consider the following factors: (1) sensitive analytical lines are commonly considered; (2) when the most sensitive line is interfered, other sensitive lines should be selected instead; (3) the interference type (partly or complete overlapping) and extent should be investigated by wavelength scanning; (4) instrument with high dispersive power can be used to avoid or reduce the spectral interference; (5) appropriate dilution of the sample can reduce the spectral interference caused by the matrix to some extent. Application of a certain internal standard would avoid the problems caused by variation of ICP discharging parameters and nebulization condition, ensuring the reproducibility and accuracy of the method. Table 27 lists the analytical lines of REEs in high-purity RE matrix. 
Matrix concentration and solid detection limit
The relative solid detection limit of the method could be improved by increasing the concentration of the sample (matrix concentration), while matrix effect would deteriorate the detection limit. Thus, it is necessary to select an appropriate concentration of the sample matrix. The aqueous detection limit of target analyte can be expressed as
where k is an integer determined by confidence, generally k = 3, (RSD) B is the RSD of background signal, I L /I B is the signal-to-background ratio, and C o is the concentration of target analyte. Actually, the solid detection limit in the original sample is more interested in high-purity RE analysis. Dividing both sides of the formula by the matrix concentration (C matrix ) simultaneously, the solid detection limit can be obtained: L is proportional to reciprocal of I L /I B . To find the appropriate matrix concentration, the following procedure can be processed. The sample solution is diluted stepwise and a series of sample solutions with different matrix concentration are obtained. The corresponding I B /I L is determined and plotted to matrix concentration (C matrix ), resulting to a curve of relationship between the solid detection limit and matrix concentration ( Figure 18 ). As can be seen, with the increasing of the matrix concentration, the solid detection limit of target analyte is decreased; with further increasing of the matrix concentration, the solid detection limit decreases slowly and becomes constant. Based on it, an appropriate matrix concentration can be selected. Figure 18 : Relationship between the solid detection limit and matrix concentration [46] .
Besides, when the matrix concentration is too high, nebulizer clogging or analytes deposition on ICP torch would occur. Consequently, matrix concentration of less than 10 mg/mL is usually employed.
REE ores analysis by ICP-OES
Acid or alkaline digestion is usually employed to transform the ores into aqueous solution prior to ICP-OES detection. Table 28 lists the application of ICP-OES for the direct determination of REEs in ores. It should be pointed out that the sensitivity of ICP-OES is limited and the possible spectral interference caused by coexisting ions should be corrected. 
Trace REE analysis by ICP-OES in alloys
ICP-OES has been widely employed in the determination of REEs and non-REEs in various types of RE alloys (e.g., aluminum alloys, copper alloys, magnetic and superconducting materials). The operation is very simple, and the sample is often decomposed by using some inorganic acids, diluted properly, and can be directly introduced into ICP for subsequent detection -no need for any chemical separation pretreatment. Main components and trace components can be determined simultaneously; for example, the content of Pr and Sm in Pr-Sm-Co alloy is determined by ICP-OES to be 12-20 %. Besides, the reproducibility of ICP-OES detection can be maintained at around 1 %. Table 29 lists the application of ICP-OES in the analysis of REEs in metal and alloy samples. 
